The  Journal  of 


LETTER 


pubs.acs.org/JPCL 

Fullerene-Grafted  Graphene  for  Efficient  Bulk  Heterojunction 
Polymer  Photovoltaic  Devices 

Dingshan  Yu/  Kyusoon  Park/  Michael  Durstock/  and  Liming  Dai*'+ 

department  of  Chemical  Engineering,  Department  of  Macromolecular  Science  and  Engineering,  Case  School  of  Engineering, 

Case  Western  Reserve  University,  Cleveland,  Ohio  44106,  United  States 

^Components  Technology  Group,  Advanced  R&D  Center,  LS  Mtron  Ltd.,  555,  Elogye-dong,  Dongan-gu,  Anyang-si,  Gyeonggi-do, 
431-080  South  Korea 

^Materials  and  Manufacturing  Directorate,  Air  Force  Research  Laboratory,  RXBP,  Wright-Patterson  Air  Force  Base,  Ohio  45433, 
United  States 


PHYSICAL  CHEMISTRY 


Letters) 


ABSTRACT:  A  simple  lithiation  reaction  was  developed  to  covalently  attach 
monosubstituted  C60  onto  graphene  nanosheets.  Detailed  spectroscopic  (e.g., 
Fourier  transform  infrared,  Raman)  analyses  indicated  that  Cg0  molecules  were 
covalently  attached  onto  the  graphene  surface  through  monosubstitution.  Trans¬ 
mission  electron  microscopic  (TEM)  observation  revealed  that  these  monosub¬ 
stituted  C60  moieties  acted  as  nucleation  centers  to  promote  the  formation  of 
Cg0  aggregates  of  ~5  nm  in  diameter  on  the  graphene  surface.  The  resultant 
C60-grafted  graphene  nanosheets  were  used  as  electron  acceptors  in  poly- 
(3-hexylthiophene)-based  bulk  heterojunction  solar  cells  to  significantly  improve 
the  electron  transport,  and  hence  the  overall  device  performance,  yielding  a  power 
conversion  efficiency  of  ~  1.22%. 

SECTION:  Energy  Conversion  and  Storage 


Graphene,  a  new  class  of  two-dimensional  (2D)  single-atom- 
thick  carbon  nanosheets,  has  attracted  significant  interest  in 
recent  years.  Owing  to  its  unique  electrical,  thermal,  and 
mechanical  properties,  graphene  and  its  derivatives  (e.g.,  gra¬ 
phene  oxide,  GO)  have  been  demonstrated  to  be  promising  for  a 
variety  of  potential  applications,  including  nanoelectronics,  sen¬ 
sors,  nanocomposites,  batteries,  supercapacitors,  and  other  en¬ 
ergy-related  devices.1-13  On  the  other  hand,  the  large  specific 
surface  area  intrinsically  associated  with  the  2D  graphene  sheets 
offers  additional  advantages  for  supporting  other  nanoentities 
(such  as  metal  and  semiconductor  nanoparticles)  to  form  novel 
hybrid  nanostructures  with  synergetic  effects.  Examples  include 
graphene— Sn02  hybrids  as  anode  materials  for  batteries  with 
improved  capacity  and  cyclic  stability,14  and  Pd-decorated  gra¬ 
phene  electrodes  for  glucose  biosensors  with  high  sensitivity  and 
fast  response.15 

Another  allotropic  carbon  nanostructure,  fullerene  C^0,  also 
possesses  certain  remarkable  physicochemical  properties  attrac¬ 
tive  for  various  optoelectronic  applications,  particularly  as  an 
electron-acceptor  in  organic  photovoltaic  cells  (PVs).16  By 
analogy  to  the  aforementioned  graphene  and  oxide/metal  nano¬ 
particle  hybrids,  the  hybridization  of  graphene  with  Cg0  is 
envisioned  to  create  a  new  class  of  PV  active  materials  with  a 
strong  electron-accepting  capability  characteristic  of  Cg0  and 
good  charge  transport  properties  associated  with  graphene. 
Indeed,  previous  studies  have  shown  that  C60-decorated  carbon 
nanotubes  (CNTs)  are  promising  additives  for  performance 
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enhancement  in  polymer  PVs.17  Compared  to  CNTs,  the  2D 
structure  and  excellent  electronic  property  of  graphene  should 
not  only  provide  a  large  donor/acceptor  interface  for  efficient 
charge  separation,18  but  also  facilitate  charge  transfer  at  a  low 
percolation  threshold.19  Therefore,  Cg0— graphene  hybrids,  if 
realized,  should  significantly  enhance  the  performance  of  poly¬ 
mer  solar  cells.  With  little  discussion  in  the  literature,” 
however,  it  is  still  a  big  challenge  to  develop  facile  and  efficient 
synthetic  approaches  for  the  construction  of  C6o— graphene 
hybrids. 

As  Cg0  is  known  to  readily  undergo  nucleophilic  addition  due 
to  its  strong  electron  affinity,22  we  previously  attached  C6o  onto 
1,4-polydiene  chains  via  the  nucleophilic  addition  reaction 
involving  lithiation  of  polydiene  chains  with  sec-BuLi,  followed 
by  the  addition  of  C^o  onto  the  lithiated  living  polydiene 
chains.23,24  In  this  context,  the  successful  lithiation  of  single- 
walled  carbon  nanotubes  (SWCNTs)  reported  by  Ajayan  and  co¬ 
workers25  assured  us  to  attach  C60  onto  graphene  through 
lithiation  of  graphene  with  n-BuLi,  followed  by  the  addition  of 
Cg0  onto  the  lithiated  graphene  via  the  nucleophilic  addition 
reaction.  The  introduction  of  organolithium  into  the  graphitic 
layer  activated  it  for  direct  grafting  of  pristine  Cg0  without 
involving  any  surfactant26  (Scheme  l),  providing  the  relatively 
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Scheme  1.  Schematic  Representation  of  Grafting  C60  onto  Graphene  through  Lithiation  Reaction  with  n-Butyllithium 


Binding  Energy  (V) 


Figure  1.  (a)  AFM  image  of  the  as-prepared  GO  sheets,  (b)  high- 
resolution  Cls  XPS  spectrum  of  graphene  produced  by  chemical 
reduction  of  GO.  TEM  images  of  (c,d)  the  chemically  reduced  graphene 
and  (e,f)  the  C^o-grafted  graphene. 

“clean”  all-carbon  hybrids  for  device  applications.  By  using  the 
resultant  C60— graphene  hybrid  as  the  electron  acceptor  in 
poly(3-hexylthiophene)  (P3HT) -based  bulk  heterojunction  so¬ 
lar  cells,  we  demonstrated  a  2.5-fold  increase  in  the  power 
conversion  efficiency  with  an  enhanced  short-circuit  current 
density  and  open-circuit  voltage  with  respect  to  those  of  the 
Cgo/PdHT  system  under  AM  1.5  illumination  (100  mW/cm2). 

In  a  typical  experiment,  graphene  nanosheets  were  produced 
through  reduction  of  GO  (Figure  la)  in  jiure  hydrazine  accord¬ 
ing  to  the  previously  reported  method.”7  The  success  of  the 
chemical  reduction  of  GO  to  graphene  is  evidenced  by  the  high- 
resolution  Cls  X-ray  photoelectron  spectroscopic  (XPS)  result 
for  the  reduced  graphene  with  a  low  percentage  of  C— O  (286.5 
eV)  and  C=0  (288.1  eV)  components,  as  shown  in  Figure  lb. 
Having  been  thoroughly  dried  in  a  vacuum  oven  at  80  °C,  the  as- 
prepared  graphene  nanosheets  (5  mg)  were  then  redispersed  in 
dry  toluene  (10  mL)  under  nitrogen  protection  in  a  round- 
bottom  flask.  Thereafter,  n-butyllithium  in  hexane  (2.5  M, 
0.8  mL)  was  added  dropwise  and  kept  sonication  for  2  h.  To 


the  reaction  mixture,  45  mg  of  Cgo  in  toluene  was  added  and  the 
mixture  was  further  sonicated  for  3  h,  followed  by  overnight 
stirring.  Finally,  a  droplet  of  methanol  (MeOH)  was  added  to 
terminate  the  reaction.  Cg0  residual,  if  any,  was  washed  off  with 
toluene  followed  by  centrifugation.  The  resultant  black  solid  was 
further  purified  by  repeatedly  rinsing  with  methanol  and  cen¬ 
trifugation.  The  resultant  C60-grafted  graphene  was  then  dried  in 
vacuum  at  60  °C  overnight  for  subsequent  characterization. 

As  demonstrated  earlier  with  polydiene  chains  and  CNTs, 24,25 
the  treatment  of  graphene  with  organolithium  is  expected  to 
create  a  “living”  center  of  lithium,  where  the  nucleophilic 
addition  of  Cg0  takes  place  (Scheme  l).  Subsequent  termination 
with  MeOH  led  to  the  formation  of  graphene  grafted  with 
methane-monosubstituted  Cg0  buckyballs.  However,  chemically 
attached  C60  moieties  could  form  C60  clusters  with  free  C60 
molecules  from  solution  as  fullerene— Cg0  and  its  monosubsti- 
tuted  derivatives  are  susceptible  to  aggregation.22,28,29 

Figure  lc,d  shows  transmission  electron  microscopic  (TEM) 
images  of  the  chemically  reduced  graphene  under  different 
magnifications.  As  can  be  seen,  the  graphene  surface  is  smooth 
and  free  from  any  particulate  contamination.  By  contrast,  the 
corresponding  TEM  images  for  the  C60-grafted  graphene  under 
different  magnifications  given  in  Figure  le,f  clearly  show  a 
uniform  surface  grafted  by  particles  with  an  average  size  of 
~5  nm  characteristic  of  Cg0  aggregates.28,29  The  weight  percen¬ 
tage  of  graphene  in  the  Cgo-grafted  hybrids  was  determined  by 
thermogravimetric  analysis  (TGA)  to  be  ~12%. 

Further  evidence  for  grafting  Cg0  onto  the  graphene  nano¬ 
sheets  comes  from  Fourier  transform  infrared  (FTIR)  and 
Raman  spectroscopic  measurements.  As  can  be  seen  from 
Figure  2a,  the  grafting  of  C60  onto  graphene  nanosheets  caused 
significant  changes  in  the  FTIR  spectrum  of  the  pure  Cg0  or 
graphene.  While  a  broad  band  similar  to  that  of  polyfullerene  Cg0 
clusters  appeared  at  1192  cm”1,30  the  band  at  1385  cm-1  could 
be  attributable  to  the  characteristic  IR  mode  of  Cg0j  which  is 
downshifted  from  1428  cm  ',  presumably  caused  by  the  chemi¬ 
cal  modification  and/or  aggregation.51,32 

Figure  2b  shows  Raman  spectra  of  the  pure  C^0,  the  pristine 
graphene,  the  lithiated  graphene  prepared  under  nitrogen  pro¬ 
tection,  and  the  C60-grafted  graphene.  As  expected,  the  chemi¬ 
cally  reduced  graphene  exhibits  the  D-band  (sp5  carbon)  and 
G-band  (sp2  carbon)  Raman  peaks  at  1357  and  1602  cm  ', 
respectively,55  while  Cg0  shows  the  pentagonal  pinch  mode 
[Ag(2)]  at  1466  cm-1  and  additional  Hg  modes  at  1425  and 
1572  cm  1.54  For  the  Cg0-grafted  graphene,  three  Raman  peaks 
are  clearly  observed  at  1354,  1476,  and  1601  cm-1,  which  can  be 
assigned  to  the  D  (1354  cm-1)  and  G  (1601  cm-1)  bands  of  the 
graphene  and  the  Ag(2)  mode  of  C60(l476  cm”1)  upshifted 
from  the  corresponding  peak  of  the  pure  C60  at  1466  cm-1.  The 
observed  peak  shift  implies  the  presence  of  a  strong  interaction 
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Figure  2.  (a)  FTIR  and  (b)  Raman  spectra  of  C6oj  the  chemically  reduced 
graphene  (G),  the  lithiated  graphene  (Li-G)  prepared  under  nitrogen 
protection,  and  the  Cgo-grafted  graphene  (Cgo-G).  All  the  spectra  have  been 
randomly  scaled  along  the  y-axes  for  an  easy  comparison. 


between  the  graphene  sheets  and  Cg0-2°  Additionally,  it  is  note¬ 
worthy  that  the  G  band  position  for  graphene  (1602  cm-1) 
downshifted  to  1594  cm-1  (by  8  cm-1)  in  the  lithiated  graphene, 
indicating  the  charge-transfer  to  the  graphene  framework  from 
the  lithium  center.26,35  By  contrast,  the  G-band  position  for  the 
Cgo-grafted  graphene  shows  an  upshift  by  7  cm-1  in  comparison 
with  the  lithiated  graphene,  suggesting  charge-transfer  from  the 
graphene  network  to  the  covalently  bound  C60.26  These  results 
are  consistent  with  the  scenario  schematically  shown  in  Scheme  1 . 
On  the  other  hand,  the  D-band  to  G-band  intensity  ratio  (Id/Ig) 
has  been  widely  used  as  a  measure  for  the  disorder  or  the  extent 
of  covalent  modification  of  the  graphene  surface.36  In  particular, 
the  grafting  of  Cso  onto  graphene  should  cause  an  increase  in  the 
ID/IG  ratio.  At  first  sight,  the  observed  slight  decrease  in  the  Id/ 
Iq  ratio  from  0.98  for  the  graphene  starting  material  to  0.91  for 
the  C6o-grafted  graphene  in  Figure  2b  may  appear  surprising. 
However,  it  is  important  to  notice  that  Cg0  was  directly  attached 
onto  the  graphene  framework  via  monoaddition  (Scheme  l). 
The  monoaddition  could  have  effectively  extended,  rather  than 
disconnected,  the  sp“  network  of  graphene  over  the  chemically 
bound  C60  moieties  and  the  associated  aggregates  to  decrease  the 
ID/IG  ratio,  as  shown  in  Figure  2b. 

Recently,  we  have  used  P3HT-grafted  graphene  to  significantly 
enhance  the  hole  transport  in  a  bilayer  photovoltaic  device,  and 
hence  the  overall  device  performance.10  Since  graphene 
has  been  reported  to  show  the  highest  room-temperature  mobility 
for  both  hole  and  electron  transport  among  all  known  carbon 
nanomaterials,8  the  newly  synthesized  Cgo-grafted  graphene 
(C60-G)  sheets  are  of  great  promise  for  polymer  PVs.  To 


demonstrate  potential  photovoltaic  applications,  we  measured  the 
optical  absorption  spectra  of  the  Cg0/P3HT  and  C60-G/P3HT 
composite  films  spin-coated  onto  quartz  plates.  As  can  be  seen  in 
Figure  3a,  both  the  C60/P3HT  and  C60-G/P3HT  films  exhibited 
two  prominent  absorption  peaks;  the  broad  absorption  band 
over  500  nm  corresponding  to  P3HT  and  the  other  at  around 
340  nm  from  C^0.  Compared  to  the  Cg0/P3HT  film,  the  P3HT 
absorption  band  for  the  Cg0-G/P3HT  film  red-shifted  by  18  nm 
with  a  concomitant  increase  in  the  absorption  intensity  over 
500—650  nm,  presumably  due  to  the  polymer  chain  alignment 
along  the  Cgo-G  surface.37  Thermal  annealing  (130  °C,  10  min) 
of  the  Cg0-G/P3HT  film  further  enhanced  the  optical  absorption 
over  almost  the  entire  visible  region,  while  the  P3HT  absorption 
peak  red-shifted  from  518  to  530  nm  (Figure  3a),  indicating  the 
formation  of  a  more  ordered  polymer  structure  with  additional 
advantages  for  the  photovoltaic  application.38 

Using  the  C60-G:P3HT  (l:l  wt/wt),  the  C60:P3HT  (1:1  wt/wt), 
or  the  Cgo/G  mixture  (i.e.,  12  wt  %  graphene,  physical  blend 
without  chemical  functionalization)  :P3HT  (1:1  wt/wt)  as  the 
active  layer,  we  fabricated  a  series  of  bulk  heterojunction  solar 
cells  with  the  structure  of  indium  tin  oxide  (lTO)/poly- 
(3,4-ethylenedioxythiophene)  (PEDOT):poly(styrenesuIfonate) 
(PSS)  (30  nm)/active  layer  (100  nm)/Al  (100  nm)  (Figure  3b). 
The  parameters  and  current— voltage  (I—  V)  characteristics  for 
these  solar  cells  with  different  active  layers  after  annealing  treatment 
(130  °C,  10  min)  are  shown  in  Figure  3c,  while  the  corresponding 
numerical  data  are  listed  in  Table  1.  As  shown  in  Figure  3c,  an  open- 
circuit  voltage  (Voc)  of  0.43  V,  a  short-circuit  current  (/sc)  of  2.34 
mA/cm2,  and  a  power  conversion  efficiency  (r/)  of  0.47%  were 
obtained  for  the  C6o:P3HT  system  under  the  illumination  of  AM 
1.5  ( 100  mW/ cm2),  while  the  Cg0-G:P3HT  system  showed  an  r]  of 
1.22%  with  a  Jsc  of  4.45  mA/cm2  and  a  Voc  of  0.56  V.  Clearly, 
therefore,  the  use  of  the  Cgo-grafted  graphene  as  an  electron 
acceptor  in  the  photoactive  layer  improved  the  Jsc  significantly 
without  sacrificing  the  Voa  yielding  about  2.5-fold  increase  in  the 
power  conversion  efficiency  compared  to  the  C6o:P3HT  counter¬ 
part.  The  observed  enhancement  in  Jsc  could  be  attributed  to  the 
improved  electron  transport  due  to  the  presence  of  the  C60-grafted 
graphene.  As  is  well-known,  electrons  can  transport  to  the  cathode 
only  by  hopping  between  Cg0  molecules  in  PVs  with  Cgo:P3HT  as 
the  active  layer.  This  would  limit  the  charge  collection  efficiency 
because  of  possible  charge  recombination  during  the  relatively  slow 
hopping  process.  By  contrast,  the  introduction  of  the  C60-grafted 
graphene  could  provide  a  direct  conduction  path  for  enhanced 
electron  transport  through  a  percolation  of  the  highly  conducting 
2D  graphene  sheets  throughout  the  composite  layers.  With  a  work 
function  (—4.5  eV)39  lower  than  the  lowest  unoccupied  molecular 
orbital  (LUMO)  (—4.4  eV)  of  Cgo  and  close  to  the  work  function  of 
Al,  graphene  could  act  as  an  electron  transport  layer  (ETL).  As 
revealed  by  Figure  3d,  electrons  captured  by  C60  moieties  could 
readily  transfer  to  graphene  and  through  its  network  to  the  Al 
cathode.  This  energetically  favorable  process  for  the  Cg0-G:P3HT 
PV  should  provide  much  more  efficient  electron  transport  than 
what  could  be  obtained  by  the  hopping  process  between  Cgo 
molecules  in  a  Cgo:P3HT  device,  though  the  energy  barrier  at  the 
ETL/Al  interface  seems  to  be  slightly  higher  for  the  former. 

As  a  control,  we  also  test  the  device  performance  using  the 
C6o:graphene  (12  wt  %  graphene)  mixture  with  P3HT  as  the 
active  layer  fabricated  in  the  same  manner  with  identical  struc¬ 
tural  parameters.  In  this  case,  the  simple  blending  of  Cg0  with 
graphene  cannot  ensure  a  good  interfacial  contact  to  facilitate 
strong  electronic  interactions  for  efficient  electron  transport 
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Figure  3.  (a)  Absorption  spectra  of  the  Cfl(rG:P3HT  ( 1 : 1  wt/wt)  film  before  and  after  annealing  (130  °C,  10  min)  and  the  Cyi0:P3HT  (1:1  wt/wt)  film  spin- 
coated  onto  quartz  plates,  (b)  Schematic  of  a  hybrid  photovoltaic  device  with  the  C^-GiPlHT  composite  as  the  active  layer,  (c)  /—-Incurves  of  the  photovoltaic 
devices  with  the  Cfl(rG:P3HT  (1:1  wt/wt),  the  Cgo:P3HT  (l:l  wt/wt),  or  the  Cgo/ G  mixture  (12  wt  %  G):P3HT  (l:l  wt/wt)  as  the  active  layers  after 
annealing  treatment  (130  °C,  10  min),  (d)  Energy  level  diagram  for  the  proposed  photovoltaic  device  using  the  Ceo-G:P3HT  composite  as  the  active  layer. 


Table  1.  PV  Characteristics  (Voc,  Jsc,  FF,  and  1 j)  of  the 
Devices  with  Different  Active  Layers 


active  layers 

T„c  (V) 

Jsc  (mA  cm  2) 

FF 

{%) 

C60:P3HT 

0.43 

2.34 

0.47 

0.47 

C60-graphene:P3HT 

0.S6 

4.45 

0.49 

1.22 

C60/graphene  mixture:P3HT 

0.40 

2.81 

0.39 

0.44 

between  the  two  constituent  components.  To  make  it  even 
worse,  graphene  sheets  easily  aggregated  in  the  composite  film, 
due  to  the  poor  miscibility,  to  show  a  detrimental  effect  on  the 
charge  separation/transport.10  Therefore,  the  overall  device 
efficiency  was  not  remarkably  improved  (0.44%),  despite  the 
Jsc  increasing  slightly  relative  to  its  C60:P3HT  counterpart. 
Figure  4  shows  atomic  force  microscopic  (AFM)  images  of  those 
different  photoactive  layers  studied  in  this  work.  As  can  be  seen, 
the  blend  film  based  on  Cgcpgraphene  mixture  with  P3HT  has 
a  surface  root-mean-square  roughness  (Ra)  of  9.7  nm,  much 
higher  than  that  of  the  C6o-G:P3HT  blend  film  (Ra  =  5.9  nm).40 
A  rough  surface  morphology  for  the  blend  film  could  have  led  to  a 
rough  contact  between  the  active  layer  and  cathode,  and  hence 
the  relatively  poor  device  performance.40 

Among  all  the  photovoltaic  devices  studied  in  this  work,  the  Cgo-G: 
P3HT  system  shows  the  best  overall  device  performance.  The 
obtained  power  conversion  efficiency  for  the  ITO/PEDOT:PSS 
(30  nm)/CgO-G:P3HT(l00  nm)/Al  (100  nm)  solar  cell  without 
optimization  is  much  higher  than  those  of  similar  polymer  PVs 
containing  a  C6o— multiwalled  carbon  nanotube  (MWCNT) 
complex  (0.80%)38  or  a  Cgo- SWCNT  complex  (0.75%)41  as 
electron  acceptors  and  comparable  to  many  hi|;h-performance 
PVs  with  nonfullerene  electron  acceptors.39'4”  Although  the 
efficiency  for  the  newly  developed  C60-G:P3HT  device 
(1.22%)  is  still  relatively  low  compared  to  the  widely  investigated 
P3HT:phenyl-C61-butyric  acid  methyl  ester  (PCBM)  cells 


(5— 6%), 43  the  corresponding  low  fill  factor  (FF,  Table  l)  values 
suggested  that  there  is  still  considerable  room  for  future  im¬ 
provement  in  the  device  performance  through  optimization  of 
the  device  structure. 

In  summary,  we  have  developed  a  simple  lithiation  method  for 
producing  C^-grafted  graphene  sheets.  Detailed  spectroscopic 
analyses  confirmed  that  C60  molecules  were  covalently  attached 
onto  the  graphene  surface  through  monosubstitution.  The 
resultant  C6o-grafted  graphene  nanosheets  have  been  used  as 
electron  acceptors  in  P3HT-based  bulk  heterojunction  solar  cells 
to  significantly  improve  the  electron  transport,  and  hence  the 
overall  device  performance.  Without  device  optimization  for  the 
solar  cell  based  on  a  C60-gi'afted:P3HT  active  layer,  we  have 
demonstrated  a  2.5-fold  increase  of  the  power  conversion 
efficiency  with  an  enhanced  short-circuit  current  density  and 
open-circuit  voltage  relative  to  those  of  its  C60:P3HT  counter¬ 
part  under  AM  1.5  illumination  (100  mW/cm2).  These  results 
indicate  that  C^o-gi'afted  graphene  sheets  are  excellent  electron 
accepting/ charge  transporting  materials  for  constructing  effi¬ 
cient  polymer  solar  cells  and  for  many  other  applications. 

■  EXPERIMENTAL  SECTION 

Materials  Preparation.  GO  powders  were  produced  using  a 
modified  Hummers’  method  from  graphite  powder,44  and  gra¬ 
phene  nanosheets  were  prepared  through  chemical  reduction  of 
the  GO  with  hydrazine  according  to  a  reported  procedure.27 
Briefly,  50  mg  of  GO  was  directly  dispersed  into  30  mL  of  98% 
anhydrous  hydrazine  in  a  round-bottom  flask  at  98  °C  in  a 
nitrogen-filled  drybox  under  stirring  for  2  days.  The  resultant 
stable  suspension  was  dried  by  thermal  evaporation  of  the 
solvent.27  For  the  preparation  of  C^o-grafted  graphene,  the  dried 
graphene  nanosheets  (5  mg)  were  dispersed  in  dry  toluene 
(10  mL)  in  a  round-bottom  flask  under  the  protection  of  nitrogen 
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Figure  4.  AFM  images  showing  surface  scan  areas  of  (a)  the  C60— G:  P3HT  film  (Ra  =  5.9  nm)  and  (b)  the  C60:graphene  mixture  with  P3HT  film 
(Ra  =  9.7  nm). 


gas.  Thereafter,  n-butyllithium  in  hexane  (2.5  M,  0.8  mL)  was  added 
dropwise  and  kept  under  sonication  for  2  h.  To  the  reaction  mixture, 
45  mg  of  Cg0  in  toluene  was  then  added  and  further  sonicated  for  3  h 
followed  by  overnight  stirring.  Finally,  a  droplet  of  methanol  was 
added  to  terminate  the  reaction.  The  resultant  Cg0-grafted  graphene 
was  thoroughly  washed  with  toluene  and  followed  by  centrifugation 
to  remove  Cg0  residual,  if  any.  The  final  black  powder  was  further 
rinsed  with  methanol,  centrifuged  repeatedly,  and  then  dried  in 
vacuum  oven  at  60  °C  overnight. 

Characterization.  AFM  (Micro  40,  and  Pacific  Technology)  was 
performed  in  the  tapping  mode  while  TEM  images  were  recorded 
on  a  Hitachi  H-7600  TEM  unit  (Hitachi,  Japan).  The  surface 
chemistry  was  analyzed  using  a  PHI  Versa  Probe  XPS.  FTIR  spectra 
were  recorded  on  a  Perkin-Elmer  FTIR  spectrometer  (Spectrum 
ONE).  The  Raman  spectrum  was  recorded  on  a  Renishaw  inVia 
Raman  spectrometer  excited  at  514.5  nm.  UV— visible  absorp¬ 
tion  spectra  were  recorded  on  a  Perkin-Elmer  Lambda  900 
UV— vis— NIR  spectrophotometer.  TGA  was  carried  out  by  a  TA 
Instruments  device  with  a  heating  rate  of  10  °C  in  air. 

Fabrication  and  Characterization  of  Photovoltaic  Devices.  Glass 
sheets  coated  with  ITO  were  used  as  the  substrate  for  device 
fabrication.  The  glass  substrates  were  cleaned  by  consecutive 
sonication  in  detergent,  deionized  water,  isoprophyl  alcohol,  and 
acetone  in  an  ultrasonic  bath,  followed  by  UV-ozone  cleaning 
(UVO-Cleaner,  model  no.  42,  Jelight  Company,  Inc.)  for  10  min. 
PEDOT:PSS  (Bayton  P,  ~30  nm  in  thickness)  was  spin-coated 
onto  the  clean  substrate  surface,  followed  by  drying  at  120  °C  for 
10  min  to  remove  residual  water.  The  photovoltaic  active 
material  of  C<50/P3HT  (1:1  wt/wt),  C60-G/P3HT  (1:1  wt/wt) 
or  Cg0-G  mixture  (12  wt  %  G)/P3HT  (1:1  wt/wt)  in  chloro¬ 
benzene  solution  (20  mg/mL)  was  then  spin-coated  on  top  of 
the  PEDOT:PSS  layer  to  produce  an  active  layer  of  100  nm, 
followed  by  annealing  at  130  °C  for  10  min,  inside  a  N2-filled 
glovebox.  A  100-nm  thick  A1  cathode  was  then  vacuum-evapo¬ 
rated  onto  the  photovoltaic  active  layer  through  a  shadow 
mask  to  define  an  active  area  of  6  mm2  for  each  device.  The 
current— voltage  (I—  V)  curves  of  the  photovoltaic  devices  were 
recorded  on  a  Keithly  236  source-measurement  unit  under 
simulated  AM1.5  G  irradiation  (100  mW/cm2),  using  a  xenon 
lamp-based  solar  simulator  (XPS-400,  Solar  Light  Co.).  All 
devices  were  fabricated  and  tested  in  an  oxygen-  and  moisture- 
free  nitrogen  environment  inside  a  glovebox. 
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